many cellular processes including morphogenesis, migration, cell division and adhesion (Heasman and Ridley, 2008; Ridley, 2006) . Rho GTPases cycle between an active (GTP-bound) conformation and an inactive (GDP-bound) conformation. Guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) act antagonistically to regulate Rho GTPase activity; GEFs catalyse nucleotide exchange converting the protein to the active GTP-bound form, while GAPs promote GTP hydrolysis, converting the protein to the inactive GDPbound conformation. Several genes involved in Rho GTPase signalling have been implicated in the etiology of intellectual disability (Kaufman et al., 2010; Newey et al., 2005) . Examples include the GEF protein ARHGEF6 (Kutsche et al., 2000) , the GAP protein oligophrenin-1 (Billuart et al., 1998) and the Slit-Robo GAP 3 (srGAP3), also called Mental disorder associated GAP protein (MEGAP) and WAVE-associated GAP (WRP) (Endris et al., 2002; Shuib et al., 2009) . The srGAP family includes srGAP1, srGAP2 and srGAP3 and each shares a common molecular architecture consisting of an N-terminal Fes-Cip4 homology Bin/Amphiphysin/Rvs (F-BAR) domain, a central GAP domain and a C-terminal Src-homology 3 (SH3) domain (Fig. 1A) (Endris et al., 2002; Guerrier et al., 2009; Soderling et al., 2002; Wong et al., 2001) . Despite this highly conserved protein architecture, srGAP proteins appear to function in distinct molecular pathways; srGAP2 and 3 preferentially downregulate Rac1 signalling (Endris et al., 2002; Guerrier et al., 2009; Soderling et al., 2002) , while srGAP1 downregulates Cdc42 signalling (Wong et al., 2001) . srGAP3 is the most ubiquitously expressed srGAP gene in the developing nervous system (Bacon et al., 2009 ) and interacts with a number of proteins implicated in various aspects of nervous system development (Bacon et al., 2011; Endris et al., 2011; Soderling et al., 2002; Wong et al., 2001) . In this review, we will explore the diverse influences of srGAP3 on the cytoskeleton and examine how these regulate different aspects of neuronal development (Fig 1B) .
2.
SrGAP3 dynamically regulates cytoskeletal processes 2.1.
Inhibition of cytoskeletal dynamics by downregulation of Rac1 signalling
Previous evidence has suggested that srGAP3 strongly inhibits cytoskeletal dynamics acting between upstream guidance signals and key regulators of the actin machinery. Overexpression of srGAP3 causes cell rounding, loss of filopodia and lamellipodia and impaired migration in various cell types (Endris et al., 2011; Soderling et al., 2002; Yang et al., 2006) . The inactivation of Rac1 by srGAP3 is likely to be the predominant cause of these inhibitory effects, as the phenotype is reminiscent of dominant negative Rac1, and srGAP3 mutants lacking an active GAP domain do not inhibit actin dynamics as strongly as wild type srGAP3. Additionally, constitutively active Rac1 rescues srGAP3-induced inhibition (Endris et al., 2011; Soderling et al., 2002; Yang et al., 2006) .
2.2.
Interaction with actin remodelling proteins via the SH3 domain SrGAP3 regulates the cytoskeleton in diverse signalling pathways by interacting with key regulators of actin polymerisation via its SH3 domain (Fig 1A and B) . The scaffolding protein Wasp-family verprolin-homologous protein (WAVE1) transduces Rac1 signalling to activate Arp2/3 complexmediated actin polymerisation by assembling into a multimolecular complex (Eden et al., 2002) , which includes srGAP3 (Soderling et al., 2002) . srGAP3 interacts directly with the proline-rich region of WAVE1 via its SH3 domain and it has been suggested that the purpose of this interaction is to direct srGAP3 towards Rac1 to permit inhibition of Rac1 signalling (Soderling et al., 2002) . However, while GAP-deficient srGAP3 co-localises with Rac1 and WAVE1 at the leading edge of protruding lamellipodia, immunofluorescence studies on fibroblast cells have demonstrated that wild type srGAP3 does not (Endris et al., 2011) . This suggests that srGAP3 does not constitutively interact with WAVE1, but that the interaction is prone to regulatory mechanisms. More recently, srGAP3 was found to interact with the Ena/Vasp binding protein Lamellipodin (Endris et al., 2011) . Lamellipodin associates with Ena/Vasp proteins at the tips of filopodia and lamellipodia and mediates lamellipodia protrusion (Krause et al., 2004) . Co-transfection of srGAP3 and Lamellipodin into fibroblasts and neuroblastoma cells resulted in an overall inhibition of lamellipodia formation and neurite outgrowth, demonstrating that srGAP3 can inhibit Lamellipodindependent actin protrusion. Interestingly, co-transfection of srGAP3 lacking a functional GAP domain also reduced lamellipodia formation, although not as strongly as wild type srGAP3. These findings demonstrated that srGAP3 exerts an inhibitory effect on Lamellipodin-induced actin dynamics at the leading edge through both GAP-dependent and GAPindependent mechanisms. Mouse embryonic fibroblasts cultured from srGAP3 knockout (KO) embryos have enhanced lamellipodia protrusion, which can be blocked by shRNAmediated knockdown of Lamellipodin; this demonstrates that srGAP3 and Lamellipodin act in the same cellular pathway for endogenous lamellipodia formation (Endris et al., 2011) .
2.3.
The F-BAR domain targets srGAP3 to the cell membrane and is implicated in filopodia formation F-BAR domains bind to specific membrane lipids to induce either membrane invagination or evagination, depending on their orientation. The F-BAR domain of srGAP3 binds specifically to a number of lipids which include phosphatidic acid, phosphatidylinositol(4,5)-biphosphate and phosphatidylinositol(3,4,5)-triphosphate (Carlson et al., 2011) . The F-BAR domain has been shown to target srGAP3 to the plasma membrane (Endris et al., 2011) . Binding of the srGAP3 F-BAR domain to the plasma membrane reportedly induces filopodia formation in COS7 cells, cortical neurons and hippocampal neurons (Carlson et al., 2011; Coutinho-Budd et al., 2012) , although in an independent study the srGAP3 F-BAR domain alone did not induce filopodia formation in COS7, NIH3T3 or B16-F1 cells (Endris et al., 2011) . The finding that the srGAP3 F-BAR domain may direct filopodia formation is in concordance with what was previously described for the srGAP2 F-BAR domain (Guerrier et al., 2009 ). Interestingly, it was recently shown that the srGAP3 F-BAR domain does induce filopodia in Cos-7 cells and in cortical neurons, but significantly less potently that the srGAP2 F-BAR domain (Coutinho- Budd et al., 2012) , which may explain the discrepancy between previously published studies.
Inhibition of cell adhesion
As well as inhibiting actin dynamics for protrusion, srGAP3 has also been reported to impair cell migration by destabilising adhesive structures (Endris et al., 2011; Yang et al., 2006) . srGAP3 co-localises with the focal adhesion protein vinculin at the ends of actin filaments and this localisation to focal adhesions is mediated by the SH3 domain of srGAP3, however the binding partner of srGAP3 at focal adhesions remains unclear (Endris et al., 2011) . The importance of srGAP3 in cell adhesion is supported by work on the C. elegans ortholog of mammalian srGAPs, SRGP-1. The first 724 amino acids of SRGP-1, which includes the F-BAR domain, shares 33% identity with human srGAP1 and has been shown to localise to cell-cell junctions and play an important role in the formation of cell-cell adhesions during embryonic morphogenesis (Zaidel-Bar et al., 2010) .
3.
SrGAP3-mediated cytoskeletal reorganisation regulates dendritic spine formation for normal cognitive function
Mouse models provide a very useful tool for gaining insight into the importance of srGAP3-mediated cytoskeletal reorganisation in neurodevelopmental processes in vivo. A srGAP3 conditional KO mouse has recently been generated in which normal cognitive function was disrupted (Carlson et al., 2011) . Behavioural analyses revealed that srGAP3 deficient mice have impaired learning and memory, while analyses of motor function and anxiety were normal. To test the importance of srGAP3 in dendritic spine formation, floxed srGAP3 neurons were transfected with Cre recombinase at different stages in vitro. These experiments revealed a significant reduction in spine density only when Cre was transfected before the onset of spine formation, demonstrating that srGAP3 is important for early stages of spine development. The formation of dendritic filopodia is a priming process for spine development. The srGAP3 F-BAR domain was shown to induce filopodia formation along the dendrites and the isolated F-BAR domain was sufficient to rescue impaired spine formation in the absence of srGAP3. Taken together, these results indicate a role for the srGAP3 F-BAR domain in dendritic spine formation, a process which may be required for normal cognitive function. In another approach, a srGAP3 KO mouse has been generated that mimicks the disruption of srGAP3 reported in a patient with severe intellectual disability (Endris et al., 2002) . In this model, dendritic spines in hippocampal neurons were significantly longer, but spine density was not affected. Neuroanatomical defects including enlarged lateral ventricles and thicker white matter tracts were also observed. Behavioural analyses revealed impaired working memory and social interaction (Waltereit et al., 2012) .
It would be interesting to determine which interaction partners of srGAP3 contribute to its cognitive phenotype in vivo. SrGAP3 is a component of the WAVE1 signalling complex. WAVE1 KO mice have a number of behavioural phenotypes suggestive of cognitive disruption including reduced anxiety, sensorimotor retardation and deficits in learning and memory. These behavioural deficits may be caused by impaired neurite outgrowth, reduced spine density and abnormal synaptic transmission, which were also reported in these mice (Soderling et al., 2003) . In order to closely examine whether the srGAP3-WAVE1 interaction has an impact on these neurodevelopmental processes, a knock-in mouse was generated (mWAVE1) in which WAVE1 lacks the srGAP3 binding sites. The CA1 hippocampal region and cortical layer 1 of mWAVE1 brains had a reduced spine density and electrophysiological analyses of the CA1 hippocampal region revealed abnormal synaptic activity, implicating srGAP3 in WAVE1-mediated dendritic spine formation. Interestingly, not all behavioural effects observed in the WAVE1 KO mouse were present in the mWAVE1 knock-in mouse (Soderling et al., 2007) . For example, sensorimotor function and anxiety were normal, but defects in learning and memory were still impaired (Soderling et al., 2007) showing that srGAP3 does not influence all aspects of WAVE1-mediated cognitive functions. These behavioural findings were consistent with the phenotypes reported in the two srGAP3 KO mouse models (Carlson et al., 2011; Waltereit et al., 2012) . Collectively, mouse models have demonstrated a crucial role of srGAP3 in dendritic spine formation and activity, possibly mediated by its F-BAR domain and interaction with WAVE1.
4.
SrGAP3 is implicated downstream of SlitRobo signalling SrGAP3 can interact with the Slit receptors Robo1 and Robo2 (Bacon et al., 2011; Wong et al., 2001) , making it a putative signalling factor downstream of Slit. Slit-Robo signalling pathways control a variety of neurodevelopmental processes including neuronal migration, axon navigation and axon branching (Hu, 1999; Long et al., 2004; Ma and Tessier-Lavigne, 2007; Wang et al., 1999; Wu et al., 1999) . In the developing spinal cord, Slit-Robo signalling repels commissural axons away from the floor plate of the spinal cord after midline crossing (Long et al., 2004) . Loss of Slit leads to the failure of commissural axons to properly leave the midline and in Robo mutants, axons stall within the floor plate (Long et al., 2004) . srGAP3 and Robo1 mRNA are co-expressed in a subset of commissural neurons (Bacon et al., 2011; Bacon et al., 2009 ) but commissural axon stalling within the floor plate was not observed in a srGAP3 KO mouse (Bacon et al., 2011) . Rather, the lateral positioning of commissural axons within the longitudinal axis was disrupted, implicating srGAP3 in the repulsion of commissural axons downstream of Slit-Robo signalling (Bacon et al., 2011) . Interestingly, Lamellipodin has previously been implicated in Slit-Robo signalling. The C. elegans homolog of Lamellipodin, MIG-10, promotes Slit and Netrinmediated axon outgrowth and mutation of MIG-10 causes misprojection of motor axons (Chang et al., 2006; Quinn et al., 2006) . As srGAP3 and lamellipodin interact and are co-expressed in a subset of neural tissues, the possibility exists that both proteins act together in Slit-Robo signalling cascades during axon guidance, although the C. elegans ortholog SRGP-1, which functions as a GAP protein for Rac1 (Neukomm et al., 2011) , has not been reported to interact with and influence MIG-10 in the literature to date.
Slit-mediated repulsion of neurons requires localised cytoskeletal protrusion and collapse and it has already been demonstrated that upon Slit binding to Robo1, srGAP1 interacts with the CC3 cytoplasmic domain of the Robo1 receptor to locally inactivate Cdc42 for localised protrusion (Wong et al., 2001) . It is possible that srGAP3 plays similar roles in directed neuronal migration by locally inactivating Rac1 signalling, but this has not been demonstrated so far, although downregulation of Rac1 signalling by srGAP3 has been reported to reduce neurite outgrowth in cerebellar granule neurons (Soderling et al., 2002) .
Conclusions
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